Abstract-Ultrasonic imaging using complementary coded pulses offers the SNR improvements of signal coding without the filter side-lobes introduced by single-transmit codes. Tissue motion between coded pulse emissions, however, can introduce high side-lobes caused by misalignment of complementary filter outputs. This paper presents a method for filtering and motion compensation of complementary coded signals appropriate for use in medical imaging. The method is robust to the effects of non-ideal transducers on the imaging signals, includes mirrored compensation stages to reduce the impact of motion estimation error, and has been shown to reduce side-lobes to levels that compare favorably to systems using FM-coded signals of similar length and bandwidth while providing increased coding gain and range resolution. In addition, motion compensation allows the received data to be used without the frame-rate penalty usually incurred by complementary-coded imaging. The method has been verified using simulated point and speckle targets with both homogeneous and inhomogeneous motion profiles. Selected results have been verified experimentally.
I. Introduction s inusoidal excitation signals have traditionally been used in medical ultrasonic pulse-echo imaging systems since the advent of the technology in the 1940s. The bandwidth (and thus resolution) of such a system is inversely proportional to the duration of the transmitted pulse whereas the snr (and dynamic range) increases in direct proportion to it, giving rise to a compromise between imaging depth and resolution. signal coding techniques have long been discussed in the literature [1] as a method of overcoming this limitation. It is only in recent years that the ready availability of fast, inexpensive digital hardware has facilitated the development of commercial systems using coded excitation; the first of these systems were manufactured by General Electric in the late 1990s [2] . continued growth in computing power facilitates the implementation of new techniques such as those presented in this paper.
A. Single-Transmit Signal Coding
Matched filtering of individual coded signals introduces range side-lobes. In imaging applications, care must be taken with the design of coded signal and filter to keep side-lobes below about −50 dB to avoid the occurrence of visible side-lobe artifacts which can offset any gain in snr achieved by pulse compression. These issues may be exacerbated by filter mismatch caused by the effects of non-ideal transducers and of propagation through the medium. The effects of the transducer may be allowed for in the system design but those of the medium are non-linear, unpredictable, and vary with depth, presenting a less tractable problem. Published opinions vary as to the relative suitability of frequency-modulated (FM) signals and binary phase-coded (BPc) signals for medical ultrasonic imaging. a system using pseudo-chirp excitation signals, i.e., binary approximations to linear FM (lFM) chirp signals, is described in [3] , however the sidelobe levels achievable with this method are of the order of −40 dB. an effective system using weighted lFM excitation signals and a mismatched filter is presented in [4] - [6] . Here, the effects of frequency-dependent attenuation are modeled as a downward shift in the center frequency of the pulse and it is concluded that the lFM signal is more robust to this effect than either non-linear FM (nlFM) or BPc signals on the basis of its ridge-shaped ambiguity function. a method for the design of nlFM signals matched to the transducer bandwidth using least squares optimization is presented in [7] , with results indicating that the effects of non-linear attenuation are no more severe for nlFM than for lFM, whereas excellent side-lobe performance is achievable without the weighting of filter coefficients required for lFM. This latter consideration, combined with the matching of the transducer bandwidth, results in an increase in snr, though the bandwidthmatching results in a slight reduction in axial resolution at low depths. Both lFM-and nlFM-based approaches, however, require the use of multi-level pulsers and exhibit some broadening and lowering of the main-lobe response with increasing depth. High time-bandwidth (TB) products of the order of 50 or more are required to reduce FM side-lobes to levels suitable for imaging, and these long signals can introduce problems with dynamic focusing and time-gain-control [8] .
In systems using BPc signals, an oversampled representation of a binary code is generally used to phase modulate a base sequence or chip. an advantage of this approach is that it may be implemented using inexpensive bi-polar pulsers. The received pulses may be processed using a decoding filter matched only to the binary code, thus lumping the effects of the transducer response and frequency-dependent attenuation in with the base sequence [9] . a system using BPc signals and extended spiking filters derived by spectrum inversion is reported in [10] , and spiking filters for Barker-coded excitation are described in [11] . The method is effective, although the maximum coding gain achievable is limited to 11 dB by the maximum Barker code length of 13 and relatively long filters are required to bring side-lobe levels below the −50 to −80 dB typically required for medical imaging.
B. Complementary Coded Ultrasound
complementary sets of binary codes, like the wellknown Golay pairs [12] , offer the benefits of binary-phasecoding without the filter side-lobes introduced by singletransmit codes. Members of a complementary code set may have auto-correlation side-lobes higher than those of some other classes of binary code. When summed, however, they cancel completely. In complementary code-based imaging, the individual coded signals of a set are usually transmitted separately during discrete acquisition cycles. any motion of the subject between acquisition cycles will introduce residual side-lobes caused by misalignment of filter outputs and will broaden and lower the main lobe of the combined filter response.
The conventional approach to ultrasonic Golay imaging is to transmit both codes sequentially in the same direction before acquiring data for the next transmission focus, thus halving the system frame rate. This assumes the inter-pulse interval is small enough to cause only minor misalignment. In [9] , [13] , [14] , two orthogonal Golay code pairs and simultaneous transmission were used to avoid a reduction in frame-rate, but the motion issue remains. other work [15] suggests exploitation of a property of the 2-bit Golay code pair to suppress motion artifacts. received reflections corresponding to each pulse of the Golay-coded pair are filtered using both codes of the complementary pair. The additional filter outputs are subtracted from the combined Golay filter envelope and apparently cancel misalignment side-lobes. This approach appears to involve gating of decoded signals, meaning cancellation will only be partial for the overlapping reflections encountered in most imaging scenarios. In addition, this cancellation only occurs for the 2-bit Golay pair and fails to compensate for the reduction in compression and axial resolution caused by spreading and lowering of the main-lobe. a detailed comparison of lFM and Golay-coded excitation signals for use in ultrasonic imaging may be found in [9] . The effects of frequency-dependent attenuation and non-linearity on sidelobe levels and snr are considered, as are those of tissue motion. results are comparable for the two waveforms. The Golay-coded pair provides a higher coding gain than an lFM signal of similar length as the effective length of a complementary code set is the sum of the lengths of its constituent codes [16] , although motion can introduce severe side-lobe artifacts. This paper describes a novel approach to complementary-coded ultrasonic imaging, whereby the constituent codes of a complementary set are transmitted individually without reducing frame rate. section II gives an overview of the system and a high-level description of the signal flow. section III describes the simulation environment and experimental facilities used to evaluate it. Baseline results comparing the performance of complementary-coded imaging in the absence of motion to that of other signal coding schemes current in the literature are presented in section IV. section V describes the effects of motion of the subject between emissions and introduces a method of motion-compensation. This method is extended in section VI to allow compensation of inhomogeneous motion, i.e., situations in which a single B-mode image line contains scattering centers with different velocities. section VII presents some conclusions and plans for further research. Using the proposed method, data for an entire image is acquired using each code of the set in turn. as complementary acquisitions for each transmission focus occur N f N l T PrF seconds apart, tissue motion can introduce significant visual artifacts caused by partial side-lobe cancellation. This may, however, be counteracted by re-aligning the received data using estimates of the motion so that the side-lobes cancel appropriately. Using this approach, N c N f N l acquisitions are required to form the first B-mode image but a new image is formed after each subsequent N f N l acquisitions as the acquired data may be used recursively, allowing complementary coded imaging to be employed without incurring a frame-rate penalty. a similar method was proposed by nikolov [17] for high frame-rate synthetic aperture imaging using single-transmit linear-FM coded excitation signals.
In the interests of clarity, all block diagrams and mathematical descriptions refer to the signal flow for a single line (or transmission direction) of a B-mode image using a fixed receive focus. scaling for multiple lines is a straightforward extension.
A. Transmit Coding
let C(n,l) represent the bi-phase representation of a complementary set of N binary codes, each of length L, and b(t) represent a chip or basis sequence of duration
The set of excitation signals, E N (n,t), may be written
where
The individual signals of the set E N (n,t) are transmitted in a repeating series such that the signal transmitted at the beginning of the ith acquisition cycle E(i,t) = E(i − N,t), and
defining c(i,t) in a similar fashion,
In the current system, the two codes of a Golay pair are used to modulate a basis sequence consisting of a singlecycle square wave at the transducer center frequency, F c , allowing the final shape of the transmitted waveform to be dictated by the transducer frequency response. The resulting signals are transmitted during alternate acquisition cycles.
B. Receive Processing
The receive signal flow is illustrated in Fig. 1 . Using a fixed receive focus, the beam-formed reflection from the ith transmitted pulse is given by
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where A T (t) and A r (t) represent the impulse responses of the transmit and receive apertures, repectively, A Tr (t) is their combined response, N r (i,t) is a lumped noise term, and R(i,t) represents the reflectivity function of the region insonated by the beam during the ith acquisition expressed as a function of time. combining (4) and (6),
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where B(t) represents the convolution of the basis sequence with the combined transmit and receive aperture response. When using dynamic receive focusing and apodisation, A r (t) varies as a function of imaging depth and the convolution in (7) is no longer time-invariant. In these circumstances, filtering should ideally take place before beam-formation, a process known as pre-compression. In practical implementations, hardware costs can be reduced significantly using post-compression, i.e., reversing the order of these operations. This introduces an error that depends on a range of factors including focal depth, signal length, the distance between focal points [8] and the f-number used [18] .
Filtering of the received ultrasonic reflections is split into two stages. In the first, received signals are passed through a compression filter whose coefficients are an oversampled version of the appropriate binary code [9] ,
where c ii (i,t) denotes the auto-correlation sequence of c(i,t). no matching of the basis sequence is attempted at this stage, thus insulating the binary code filters from the distorting effect of the medium and transducer and preserving the complementary nature of the filter outputs. The output of this first filter stage is
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The sum of N adjacent complementary filter outputs is 
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If the region within the beam remains static between acquisition cycles, R(i,t) becomes R(t) and (11) may be simplified to
Because the components of N G are uncorrelated, N c (i,t) and N G (i,t) are of equal power and, in the absence of motion, the coding gain is 10log 10 
the outputs of the motion compensation block at the ith emission, with M(i,N,t) = G(i,t). The role of the motion compensation block is to ensure that the sum of compensated outputs C(i,t) approaches
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some ways in which this may be accomplished are described in section V. The sum of complementary-code filter outputs is passed through a final filter matched to b Tr . separation of the receive filtering into two stages reduces its computational cost significantly. The long compression filters consist of just L ±1-valued coefficients separated by zeros and may be implemented using (L − 1) addition/subtraction operations at each time-step, whereas the basis filter is of the order of 1/L times the length of the coded excitation sequences. The compression filters are protected from mismatch effects caused by propagation through the medium and transducer, which could potentially be dealt with using a depth-dependent basis filter.
III. Evaluation Methodology
The B-mode imaging system described in section II has been evaluated by simulation using Matlab (The MathWorks, natick, Ma) and the Field II ultrasound simulation tool [19] . some simulation results have been verified experimentally in collaboration with our research partners in the BIas (Biologically Inspired acoustic systems) consortium. Both simulations and experiments compared the performance of the proposed motion-compensated, complementary-coded pulses with those of linear-FM pulses and an uncoded wide-band sinusoidal pulse. The measure of axial resolution employed throughout is the −6 dB main-lobe width expressed in terms of λ = c/B tr , where c is the average speed of sound in tissue is and B tr is the −6 dB bandwidth of the transducer.
A. Simulation Environment
The simulation results presented here all used a 192-element linear array transducer with a 7.5 MHz center frequency and a fractional bandwidth of 83.3%. The sampling frequency for the simulated ultrasound system was set to 150 MHz. Those simulations including the effects of attenuation used frequency-dependent attenuation of 0.5 dB/MHz/cm. all of the simulations used a Hanning apodisation weighting, dynamic receive focusing, and an f-number of 2 on transmit and receive. Three transmit focal depths were used for the B-mode imaging and motioncompensation simulations, and ten were used for the filter envelope simulations in section IV to minimize the impact of variation in focusing settings on the results. The simulated system currently uses post-compression, although motion compensation is equally applicable to a system using pre-compression.
Two types of phantom were used in simulation. The first consisted of 10 simulated point scatterers positioned at 10-mm intervals between 5 and 95 mm from the transducer along its central axis and was used to compare filter envelope characteristics under a range of conditions. The second was a simulated cyst phantom and was used to compare the performance of the signal coding schemes on a more realistic imaging target. The cyst phantom was based on one of the code examples provided with Field II. It contained 7 high-intensity point targets, 7 high-intensity scattering regions of increasing diameter and 7 empty regions of decreasing diameter in a volume measuring 35 × 5 × 80 mm and containing 50 000 scatterers.
B. Experimental Verification
some preliminary experiments were carried out using an experimental configuration under development by members of the Medical Physics research group at the division of Medical and radiological sciences, University of Edinburgh. These experiments were designed to verify the robustness of motion compensated complementary-coding to the effects of transmission using non-ideal transducers and used a single unfocused transducer with a center frequency of 5 MHz suspended in a water tank. The transducer mounting could be actuated electronically in two dimensions and reflected signals recorded using a data acquisition board and labview (national Instruments, austin, TX). some results obtained using this facility are presented in section V, although ongoing development of the system made it impossible to obtain a complete set of results.
C. Signals and Filters
The lFM chirp and weighted matched filter were generated as described in [5] . The modified Elliptical-Tukey window of (14) was applied to the lFM signal to reduce distant side-lobes associated with Fresnel ripples in the signal spectrum. 
This was originally proposed in [20] and reduces side-lobe levels further than the Tukey window proposed in [5] at the expense of a <10% increase in main-lobe width. a window factor [denoted by R in (15)] of 0.25 was used. The mismatched filter coefficients were obtained by timereversal of the lFM pulse convolved with the transducer impulse response and weighted with the dolph-chebyshev window [21] , [22] given by the equation cos cos cosh cosh .
note that (18) is valid only for odd values of N.
The lFM pulse and filter used in simulations may be seen in Figs. 2(a) and 2(b) . The signal sweeps a 9.4 MHz bandwidth centered at 7.5 MHz. a pulse duration of 10.7 μs was chosen to match that of an 80-bit binaryphase coded signal. The resulting signal has a time-bandwidth product of 100, ensuring excellent side-lobe performance. Figs. 2(c) and 2(d) show the central portions of the amplitude envelopes of the matched and mismatched filter responses to the signal, both with and without the effects of the bi-directional transducer impulse response. neglecting transducer effects, the matched filter envelope has a −6 dB resolution of 1.1λ and peak side-lobes at −20 dB compared with values of 1.9λ and −67 dB for the mismatched filter. convolution with the bidirectional transducer response reduces the peak matched filter sidelobes to −41 dB and those of the mismatched filter to −76 dB while increasing their main-lobe widths to 1.4λ and 2.2λ, respectively.
The complementary-coded signal pairs used in the simulations were generated by using the 40-and 80-bit Golay code pairs of Table I to phase-modulate a singlecycle square-wave chip at the transducer center frequency of 7.5 MHz, producing coded signals of duration 5.3 μs and 10.7 μs. The 80-bit pulse is shown in Fig. 3(a) . The resulting signals were then low-pass filtered to reduce the likelihood of aliasing issues affecting simulation results. In a real system, this might reduce heating effects associated with dissipation of high-frequency energy outside the transducer bandwidth. The chip is shown in Fig. 3(b) , both with and without the effects of the low-pass filter and the transducer. The same square-wave chip was also used as the uncoded pulse in simulations. The 80-bit Golay pulse pair was used for the simulations reported in section IV to prevent differences in signal length from affecting the comparison of FM and Golay performance in the presence of attenuation. The 40-bit pulse pair was used for the simulations reported in sections V and VI, as longer signals can reduce the efficacy of motion compensation in the presence of the inhomogeneous motion described in section VI and a complementary-coded signal pair provides the coding gain of single-transmit signal of the same bandwidth and twice the length. The simulated B-mode images were all generated using the 40-bit pulse pair.
The complementary signals used in experiments were generated using Golay code pairs of lengths 40 and 16 to modulate a square-wave chip at the transducer center frequency of 5 MHz, yielding signal lengths of 8 μs and 3.2 μs.
The magnitude spectra of the lFM, uncoded, and Golay-coded pulses and those of the sum of compressionfiltered Golay pulses may be seen in Fig. 4 . These have been shown with and without the effects of low-pass filtering and the transducer. The spectrum of the lFM signal is band-limited, whereas those of the remaining signals contain significant amounts of energy at high-frequencies. low-pass filtering and convolution with the bi-directional transducer response reduce this significantly, and the spectrum of the received signals is largely dictated by the frequency response of the transducer. comparison of Figs. 4(b) and 4(d) shows that the spectrum of the sum of compression-filtered Golay pulses is almost identical to that of the chip.
The basis filter employed for the complementary-coded and uncoded excitation pulses was obtained by convolving a time-reversed chip with a bandpass filter matched to the transducer.
IV. coded Imaging Performance Without Motion
In the absence of attenuation, neither Golay or lFM envelope characteristics are adversely affected by increasing depth, although variations in focusing geometry and apodisation settings result in a slight depth-dependent variation in peak signal levels for all three types of excitation pulse. The combined envelope of the Golay-coded signal pair exhibits no side-lobes, and both it and the uncoded single-cycle pulse have a mean −6 dB main-lobe width of 1.4λ. The lFM filter output exhibits side-lobes at −75 dB and has a −6 dB main-lobe width of 2.2λ.
The introduction of simulated frequency-dependent attenuation of 0.5 dB/MHz/cm results in a depth-dependent reduction in received signal level, as shown in Figs. 5(a) and 5(b). This is slightly more severe for the lFM signal than for the Golay coded and uncoded pulses, as the lower frequency components least affected by attenuation have already been reduced by the amplitude weighting necessary for FM side-lobe reduction. as a result, the peak level of the reflected lFM envelope from 95 mm is 4 dB below that of the Golay-coded and uncoded pulses.
The effects of attenuation are negligible at a depth of 5 mm, as may be seen in Fig. 5(c) . The lFM signal exhibits side-lobes at −75 dB. The −6 dB widths of the main- lobes are unchanged. at a depth of 95 mm, the effects of attenuation are evident. The lFM side-lobes have risen to −51 dB, whereas the combined Golay filter envelope exhibits side-lobes at −91 dB (note that these appear to be caused by aliasing in the Field II simulator's implementation of frequency-dependent attenuation). The main-lobe width of the Golay envelope has increased by 29% to 1.8λ, as has that of the uncoded pulse envelope, whereas that of the lFM envelope has increased by 5% to 2.3λ. The depth-dependent effects of attenuation on side-lobe levels are plotted in Fig. 6(a) . The peak of the lFM filter envelope at 95 mm is 65 dB lower than that at 5 mm. The corresponding difference for the uncoded pulse and sum of compression-filtered Golay-coded pulses is 52 dB. This 13 dB mismatch loss is due to the amplitude weighting applied to the transmitted lFM pulse and filter coefficients, both of which emphasize the frequency components at the center of the pulse (in both time and frequency, because of the time/frequency domain symmetry of lFM pulses). at depth, these components are heavily attenuated as illustrated in Fig. 5(b) and compression is considerably less effective. Using an unweighted linear FM chirp and matched filter under identical conditions, the mismatch loss is of the order of 2 dB because equal weight is given to the entire range of frequencies. Binary-phase coded pulses are unaffected by this phenomenon because the two constituent coded symbols have identical magnitude spectra. compression is a matter of simply shifting and adding equally spaced samples, inverting the sign as appropriate.
The overall peak reduction caused by attenuation, focusing variation, and filter mismatch was estimated by comparing the peak envelope values of filtered reflections from scatterers at 15 mm up to 95 mm to that at 5 mm for each pulse type. The results obtained using the uncoded pulse were used as an estimate of the loss caused by attenuation and focusing variation and subtracted from the estimates for the coded pulse types to obtain an estimate of mismatch loss. Estimated lFM mismatch loss has been plotted against depth in Fig. 6(b) for simulated attenuation of 0.5 dB/MHz/cm and 0.7 dB/MHz/cm. The Golay results showed no evidence of mismatch loss.
The B-mode images in Fig. 7 illustrate the effects of mismatch loss on high-frequency imaging. at depths of 60 to 70 mm, the images obtained using Golay and lFM pulses are both clearer than that obtained using the uncoded pulse. at depths beyond 85 mm, the snr benefits of compression are still evident in the Golay image, whereas mismatch loss has exceeded the coding gain provided by the lFM pulse and it no longer offers a discernible advantage over the uncoded wide-band pulse.
V. Homogeneous Motion and compensation
Ultrasonic back-scatter from blood is relatively low in amplitude and blood flow estimation usually requires rapid transmission of several pulses in the same focal direction and averaging of multiple estimates to reduce error. The relatively long period between complementary emissions would render blood-flow estimation impractical but tissue motion velocities tend to be significantly lower than those typical of blood flow and back-scatter from tissue is much higher in magnitude.
a change in position of a scatterer element between complementary sequence transmissions will induce a relative change in time of arrival of subsequent reflections from that element, causing misalignment between the filtered reflections corresponding to individual signals of the set. assuming the motion of all scatterers in the region insonated by the beam is homogeneous and in the direction of the transducer axis, define t a b as the round-trip delay corresponding to the change in position of the scatterers between the ath and bth acquisitions from a single focal region. It is then possible to relate the reflectivity functions of the region insonated by the beam during the two acquisition intervals:
The ≅ in (20) is due to the influence of beam geometry and the effect of expansion/contraction on the properties of the medium. This may usually be disregarded for the minor perturbations caused by tissue motion between acquisition cycles.
define reference received signals, complementary filter outputs, and complementary sums, respectively, as S s (i,n,t), G s (i,n,t), and C s (i,t), 1 ≤ n ≤ N.
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note that (4) and (5) have been used to simplify the indices somewhat. combining (11) with (20) , (21) , and (22) allows us to write the sum of uncompensated filter outputs as 
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The degree of misalignment, represented in (24) by the t i a term, is a function of scatterer velocity and the time between acquisitions. This depends on the pulse repetition frequency (PrF), which is limited by the maximum depth of interest and the length of the transmitted pulse. The time between acquisitions of lines along the same focal direction is a function of the PrF, the number of focal regions used on transmit, and the number of lines used to form the B-mode image.
The effects of motion were simulated in Matlab by updating the positions of individual scatterers between line acquisitions. The applied motion was sinusoidal in nature to approximate human respiration. a peak scatterer velocity of 6.2 mm/second and angular velocity of π/3 radians/ second were used based on figures published by schlaijker et al. [23] . an initial phase of π/2 radians was chosen to ensure the velocities simulated during the scan were close to the peak value.
The introduction of simulated axial motion caused sidelobe cancellation to break down, reducing compression and axial resolution and introducing the severe misalignment side-lobes evident in Fig. 8 , in which the uncompensated envelopes exhibit side-lobes at −14 and −10 dB. These are manifested as artifacts in the corresponding B-mode image, which may be seen in Fig. 9 . a wide range of methods for ultrasonic velocity/motion estimation have been reported in the literature. In the current system, an interpolated estimate of the normalized cross-correlation maximum [24] is used to re-align the complementary filter outputs before summation, as illustrated in Fig. 10 , although another wideband tissuemotion estimation algorithm could be used in its place [25] , [26] . The reflections being cross-correlated are from different codes of the complementary set and their different side-lobe structures lead to a more defined (if slightly diminished) correlation peak. log-linear gain correction was applied to the filtered data before motion estimation 
The sum of compensated outputs is then
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which approaches (23) as the error term ε approaches zero. complete compensation is unlikely in a typical imaging scenario but partial compensation is effective in reducing side-lobes to levels that compare favorably with other coding schemes proposed in the literature. In Fig.  8(b) , compensation reduces peak misalignment side-lobes to −62 dB. The mean misalignment side-lobe level after compensation, averaged over the 10 point scatterers, is −67 dB. Fig. 9 illustrates the implications of this result for B-mode imaging. compensation brings the motion artifacts below the visual threshold and the resulting images again demonstrate an increase in axial-resolution and noise-rejection compared with those for FM-chirp excitation. a comparison of the filter envelopes of Figs. 8(a) and 8(b) suggests that the efficacy of compensation is unaffected by attenuation. during experiments, data was captured using a single transducer and reflecting the signal from the wall of the tank. Motion was simulated by moving the transducer between transmissions (20 μm in this instance), introducing motion side-lobes at about −23 dB. The solid line in Fig.  11 represents compensated data obtained experimentally. Here the compensated filter envelope exhibits lower sidelobes than the reference envelope obtained by transmitting both coded signals from the same position. The side-lobes in the reference envelope are due to random timing jitter between multiple clock sources present in the experimental setup and would not be an issue in a clinical scanner using a single clock signal.
VI. Inhomogeneous Motion compensation
When performing a scan of a living subject, different regions of the beam may contain scatterers moving at different rates. This was simulated in Matlab by scaling the motion applied to individual scatterers in proportion to their axial distance from the transducer. In this situation,
The B-mode images in Fig. 12 were generated using simulated elastic motion and Golay coded excitation signals. Without compensation, misalignment side-lobe artifacts increase steadily with increasing distance from the transducer. application of the motion compensation algorithm described in section IX decreases the occurrence of side-lobe artifacts overall but significant motion artifacts remain.
A. Multi-Segment Motion Compensation
The two images at the left of Fig. 13 were generated by dividing each line of data into multiple segments (the examples given here used 5 and 10 segments, respectively) and compensating each segment individually. The simple line segmentation scheme employed here reduces the appearance of motion artifacts considerably.
B. Mirrored Motion Compensation
To reduce residual motion artifacts further, the mirrored compensation structure illustrated in Fig. 14 has been developed. Here, each output line is formed from the sum of two individually compensated sets of data. as each compensated line is based on a different set of motion estimates, any residual misalignment side-lobes tend not to coincide and indeed in some cases prove to interfere with one another destructively as in Fig. 15 . Using this method, 2N − 1 lines of received data are used to form each output. The two distinct compensated image lines are formed using the 1st to Nth and Nth to (2N − 1)th lines of complementary-filtered data. The central (Nth) line of received data, common to both compensated lines, is used as the reference signal for both sets of motion estimates and the mirror-compensated output is formed by adding the individual compensated outputs.
Using this mirrored structure, the individual motion compensated outputs remain as defined in (25) .
The mirrored sum of compensated outputs becomes
The coding gain for the mirrored output remains the same as for the individual compensated outputs because of the doubling of the N G (N,t) term in (27) . The filter peaks coincide because of the common compensation reference. The mirrored structure effectively spreads the effect of individual alignment errors over two frames, reducing their visual impact in any one frame. In some instances, misalignment side-lobes are opposite in phase and interfere destructively. The benefits are not consistently evident, but come at very little additional computational cost and can in some cases reduce artifacts considerably, as illustrated in Fig. 13 . The residual misalignment side-lobes evident in the 5-segment compensated image on the left of the figure are no longer visible in the mirror-compensated image on the right. The three images in Fig. 16 were generated using Golay-coded excitation, the cyst phantom, and simulated elastic motion. The severe motion artifacts apparent in the uncompensated image are reduced but not eliminated by the application of single-segment motion compensation. application of 5-segment mirrored motion compensation produces an image comparable to the reference image of a stationary phantom in Fig. 7 .
VII. conclusions
The proposed Golay-based scheme demonstrates promising performance under simulated conditions with an ap- preciable improvement in axial resolution compared with the linear FM-chirp, offers greater flexibility in choice of code-length than Barker-coded imaging, and eliminates the loss in frame-rate often associated with complementary-coded imaging. The side-lobe levels achievable using motion-compensated Golay-coded imaging are comparable to those of the lFM signals, and the increased resilience of the binary-filtered Golay codes to attenuation translates to a significant increase in coding gain at higher imaging depths. In addition, the technique is applicable to Golay complementary codes of any length, whereas the timebandwidth products of 50 or more required in order to achieve acceptable side-lobe levels using FM-coded signals could prove problematic in some imaging scenarios. Motion-compensation performance with simulated time-varying homogeneous motion of several point targets and of a simulated cyst phantom has been demonstrated to be very satisfactory. Inhomogeneous motion reduces the efficacy of compensation, but the segmentation and mirroring discussed in section VI reduce visual artifacts significantly. The method appears to be particularly attractive for high imaging frequencies because of its robustness to the effects of frequency-dependent attenuation.
The preliminary experimental results presented in section V and in greater detail in [27] suggest the methods could be successfully implemented in a commercial imaging system. combining the method with the orthogonal code pairs and simultaneous transmission described in [9] , [13] , and [14] could potentially provide the benefits of complementary signal coding at twice the frame-rate of conventional B-mode imaging. In a system using multiple transmit foci, it may be appropriate to use several different code lengths. shorter codes or uncoded pulses could be used for focal regions near the transducer to minimize the occurrence of residual misalignment artifacts and longer codes used for deep imaging to maximize coding gain. Future plans include simulation studies of an imaging system using multiple transmit foci and a code length that increases with depth, an assessment of the impact of various focusing and motion estimation parameters on the compensation process, and adaptation of the method for synthetic aperture imaging.
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